Rhodobacter capsulatus is a purple nonsulfur bacterium capable of both aerobic and anaerobic respiration, as well as photosynthetic growth. Development of the photosynthetic apparatus in this organism is induced following the lowering of oxygen tension, and several recent reviews outline the current models of regulation of the R. capsulatus photosystem genes (4, 5, 29) . A key regulator in this process is the product of the crtJ gene, which appears to encode a repressor of certain photosystem genes under aerobic conditions (42) . Another major pathway is the reg two-component regulatory system. The RegA protein (43) and its cognate histidine kinase, RegB (35) , appear to control activation of certain photosystem genes under anaerobic conditions (reviewed in reference 5).
Genes corresponding to both crtJ (18, 41) and the reg genes (15, 16, 33) have been identified in the closely related photosynthetic bacterium Rhodobacter sphaeroides. Also present in R. sphaeroides is the anaerobic regulatory protein, FnrL (58) . FnrL is considered to be the R. sphaeroides homolog of the Fnr protein of Escherichia coli, which acts as a redox-responsive transcriptional regulator that activates genes whose products are involved in anaerobic respiration and represses other genes required for aerobic respiration in that organism. Homologs of Fnr have been identified in several gram-negative bacteria (reviewed in reference 46), with specific differences attributed to members of the FNR regulons identified for each organism. While these differences reflect the unique characteristics of the various bacteria, it appears that all of the genes under positive control of Fnr or its homologs are involved in metabolisms active under conditions of reduced oxygen availability (46) .
R. sphaeroides fnrL mutants are incapable of photosynthetic growth (58) , suggesting that FnrL is involved, directly or indirectly, in the regulation of photosystem genes. In R. sphaeroides, FNR consensus sequences have been identified upstream of several genes that are required for photosynthetic growth, including hemA, hemF, hemZ, and bchE, whose products catalyze reactions in tetrapyrrole and bacteriochlorophyll biosynthesis, and the puc operon, which encodes structural polypeptides of one of the two pigment-protein antenna complexes of the photosynthetic apparatus. A role for FnrL in the expression of the hemA gene, one of two genes in R. sphaeroides 2.4.1 coding for isozymes of 5-aminolevulinic acid (ALA) synthase, has been demonstrated by using transcriptional fusions involving the hemA gene (58) . Transcriptional fusions involving the puc operon suggest that FnrL appears to act both directly, at the FNR binding site, and indirectly via a mechanism that is currently under investigation, to activate puc transcription (61) when oxygen tension is reduced. Thus, it appears that FnrL acts at multiple levels to regulate photosystem gene expression in R. sphaeroides. In addition to being unable to grow under photosynthetic conditions, FnrL mutant strains are unable to grow anaerobically in the dark by using dimethyl sulfoxide (DMSO) as an alternate electron acceptor (58), suggesting that FnrL is a key regulator of multiple growth modes in R. sphaeroides.
These studies of R. sphaeroides have raised the possibility that a homolog of fnrL is present in R. capsulatus and participates in the regulation of photosystem and other anaerobiosis genes in that organism as well. In the present study, we have identified the fnrL gene from R. capsulatus and constructed a mutant strain deleted of fnrL, which has enabled us to explore the role of FnrL in both photosynthetic and anaerobic-dark growth in this organism. Surprisingly, unlike its counterpart in R. sphaeroides, FnrL has no apparent effect on photosynthetic growth in R. capsulatus. However, both FnrL of R. sphaeroides and FnrL of R. capsulatus play critical roles in induction of the DMSO-inducible cytochrome c and DMSO reductase, which together are required for anaerobic-dark growth using DMSO as an alternate electron acceptor. The molecular and physiological bases for these results in both organisms are discussed.
MATERIALS AND METHODS
Bacterial strains, plasmids, and growth conditions. The bacterial strains and plasmids used in this study are described in Table 1 . Certain plasmid constructions are described below. R. sphaeroides was cultured in Sistrom's succinate minimal medium A (45), except for growth anaerobically in the dark, for which the medium was supplemented with DMSO to a final concentration of 0.5% (vol/vol) and 0.1% yeast extract. Unless otherwise indicated, R. capsulatus was cultured under aerobic and photosynthetic conditions in RCV (54) , modified by the addition of FeSO 4 ⅐ 7H 2 O to a final concentration of 40 M. For growth anaerobically in the dark, RCV-0.24% fructose was used, and the medium was supplemented with DMSO to a final concentration of 0.4 or 0.5%. Culturing of E. coli was in Luria-Bertani media (34) . R. sphaeroides and R. capsulatus were incubated at 28 or 34°C respectively; E. coli was incubated at 37°C.
When appropriate, media were supplemented with antibiotics either to maintain selection for plasmids or to select for various recombinant strains. For R. sphaeroides, the final concentration of tetracycline was 0.8 g per ml; for R. capsulatus, final concentrations were 1 g of tetracycline, 5 g of gentamicin and 20 g of kanamycin per ml; for E. coli, final concentrations were 15 g of tetracycline, 50 g of kanamycin, 60 g of gentamicin, and 100 g of ampicillin per ml. All antibiotics were of reagent grade and were purchased from Sigma Chemical Co. (St. Louis, Mo.). 5-Bromo-4-chloro-3-indolyl-␤-D-galactopyranoside (Boehringer Mannheim Biochemicals, Indianapolis, Ind.) was used at 40 g per ml to monitor ␤-galactosidase activity.
For induction of DMSO reductase expression following an oxygen shift, parallel cultures of wild-type and mutant strains of R. sphaeroides and R. capsulatus were grown chemoheterotrophically by first sparging with a mixture of 30% O 2 , 2% CO 2 , and 68% N 2 to a low culture density (Ͻ2 ϫ 10 8 cells/ml). To one of each of the parallel cultures, DMSO was added to a final concentration of 0.5% (vol/vol), and the cultures were then sparged with a mixture of 2% O 2 , 2% CO 2 , and 96% N 2 for a period of approximately 5 h in the dark, at which time samples were analyzed. The same growth regimen was followed for induction of spectral complex formation in the dark, in wild-type and mutant strains of R. sphaeroides and R. capsulatus.
Heme staining was performed on samples from parallel cultures of R. capsulatus which were first grown under photosynthetic conditions. DMSO was then added to one culture to a final concentration of 0.4% (vol/vol), while none was added to the other, and the cultures were additionally supplemented with fructose to a final concentration of 0.24% (wt/vol). Cultures were then incubated in the dark at 34°C for 2 days.
DNA manipulations, amplification of DNA sequences, and sequencing. Plasmid DNA isolation, as well as restriction endonuclease and other enzymatic treatments of plasmids and DNA fragments, were done according to standard protocols or manufacturers' instructions. With the exception of pulsed-field agarose gel electrophoresis of genomic DNA, as described below, standard electrophoretic techniques were used for DNA analysis.
Pulsed-field agarose gel electrophoresis was performed as previously described (47) with a transverse alternating-field electrophoresis gel apparatus (Beckman Instruments, Inc., Fullerton, Calif.). Lysozyme and proteinase K used in the preparation of chromosomal DNA were purchased from Sigma. For Southern hybridization analysis of genomic DNA subjected to pulsed-field agarose gel electrophoresis, DNA was transferred by capillary action to nylon membranes (Micron Separations, Inc., Westboro, Mass.) and bound to the membranes by UV cross-linking with a UVC1000 (Hoefer Scientific Instruments, San Francisco, Calif.). Heterologous hybridization was performed at 42°C, and the final wash was at 50°C in 0.1ϫ SSC (1ϫ SSC is 0.15 M NaCl plus 0.015 M sodium citrate)-0.1% sodium dodecyl sulfate (SDS). Labeling of the DNA probe was performed with the Klenow fragment of DNA polymerase (Boehringer Mannheim) by random priming using a primer purchased from New England BioLabs, Inc. (Beverly, Mass.), and purified on a NucTrap push column purchased from Stratagene (La Jolla, Calif.). [␣ 32 P]dCTP was purchased from Amersham (Arlington Heights, Ill.).
DNA sequencing was performed with an ABI 373A or 377 automatic DNA sequencer (Applied Biosystems, Inc., Foster City, Calif.) at the DNA Core Facility of the Department of Microbiology and Molecular Genetics, University of Texas Health Science Center, Houston. Oligonucleotides used for priming standard sequencing reactions were purchased from GibcoBRL (Grand Island, N.Y.); those oligonucleotides used for construction of the fnrL deletion were purchased from DNAgency (Malucin, Pa.).
DNA sequence analysis. Alignments were performed at the National Center for Biotechnology Information with FASTA or the BLAST network service and algorithms developed by Altschul et al. (1) . Other analyses of DNA sequences were performed with the program manual for the Wisconsin package (Genetics Computer Group, Madison, Wis.).
Conjugation techniques. Plasmids were mobilized into R. sphaeroides and R. capsulatus by using triparental matings as previously described (2, 12) . By plating exconjugants on minimal media, growth of the auxotrophic donor E. coli strains was prevented.
Construction of an R. capsulatus mutant strain deleted of fnrL. For construction of R. capsulatus FnrL Ϫ mutants, oligonucleotides LEFT and RIGHT (see Results) were designed for generation of a deletion of the fnrL coding sequences from pUI2022 (Table 1) . With pUI2022 as a template, PCR was used to amplify the DNA surrounding the fnrL gene. The oligonucleotides also introduced BglII (Table 1) , generated with BamHI restriction endonuclease, was ligated to the PCR-amplified sequences from pUI2022 treated with BglII restriction endonuclease. The resulting plasmid, pRGK294, has the Kn r cassette oriented such that transcription is in the same direction as hemZ, and plasmid pRGK295 has the cassette oriented opposite to that in pRGK294. The entire EcoRI restriction fragments from pRGK294 and pRGK295, containing DNA sequences flanking fnrL and the Kn r cassette, were then ligated into pUCA12 (Table 1 ; see also Results), creating pRGK296 and pRGK297. R. capsulatus FnrL Ϫ strains RGK295 and RGK296 were constructed by introducing pRGK296 and pRGK297 into wild-type strain SB1003, followed by introduction of plasmid pPH1J1 (Table 1) , which is incompatible with pUCA12-derived plasmids. Even-numbered crossover recombinants were selected for by using kanamycin and gentamicin and then scored for sensitivity to tetracycline. Deletion of fnrL was confirmed by Southern hybridization (results not shown). For further details regarding the structures of pRGK296 and pRGK297, see Results.
Spectral analysis. Cells were pelleted from 20 to 40 ml of cell culture and then resuspended in 1 to 2 ml of 100 mM NaPO 4 buffer (pH 7.7). The cells were subsequently lysed by passage through a French pressure cell (Aminco, Urbana, Ill.), and unbroken cells and cell debris were removed by centrifugation of the lysate at 30,000 ϫ g for 10 min in a Sorvall Superspeed RC2-B centrifuge (DuPont Instruments, Wilmington, Del.) at 4°C. Spectral analysis was performed on the lysate in a UV-1601PC spectrophotometer (Shimazu, Columbia, Md.). Protein concentrations were determined with the Pierce (Rockford, Ill.) bicinchoninic acid protein assay reagent, with bovine serum albumin as a reference standard.
Cell extract preparation and heme staining. Samples from induced and uninduced cultures were washed with 10 mM Tris (pH 8.0). The cells were then sonicated three times for 3 min each at 40% duty cycle, using a Sonifier cell disruptor (Branson Sonic Power Co., Danbury, Conn.), followed by centrifugation at 10,000 ϫ g to remove unbroken cells and cell debris. Equivalent amounts of protein were loaded onto 17% polyacrylamide gels and subjected to electrophoresis. The SDS-polyacrylamide gels were stained for heme by using TMBZ as described previously (49) . Protein concentrations were determined as described above.
Western blotting analysis. Immunoblot analysis of DMSO reductase from samples of induced and uninduced cultures was performed after electrophoresis on 12.5% polyacrylamide gels. Prestained molecular weight markers purchased from New England BioLabs were coelectrophoresed. Proteins were transferred onto nitrocellulose membranes (Schleicher & Schuell, Keene, N.H.) by wet electrotransfer in Tris-glycine-methanol buffer. After blocking with 3% bovine serum albumin, DMSO reductase was detected by using rabbit anti-DMSO reductase antiserum (1:2,500), kindly provided by A. McEwan, University of Queensland, Brisbane, Queensland, Australia, and goat anti-rabbit alkaline phosphatase-conjugated antiserum (1:25,000) purchased from Sigma. Alkaline phosphatase was detected by using nitroblue tetrazolium and 5-bromo-1-chloro-3-indolylphosphate as instructed by the manufacturer (Promega, Madison, Wis.).
Nucleotide sequence accession number. The DNA sequence presented here is accessible from the GenBank database under accession no. U78309.
RESULTS

Identification and cloning of the fnrL gene of R. capsulatus.
Evidence for the presence of an R. capsulatus homolog of the fnrL gene of R. sphaeroides was first obtained by probing genomic DNA of R. capsulatus 2.3.1 with an internal DNA fragment of the fnrL gene. Under nonstringent hybridization conditions (see Materials and Methods), the fnrL sequences hybridized to a fragment of approximately 210 kbp in size, generated by AseI restriction of 2.3.1 genomic DNA (results not shown). A cosmid library constructed from R. capsulatus SB1003 genomic DNA (32) was then screened for the presence of hybridizing sequences by using the same DNA fragment of the fnrL gene. From this screen, two cosmids, pRGK292 and pRGK293, were identified. The hybridizing sequences were further delineated by restricting the cosmid DNA with EcoRI, and a 2.5-kb DNA fragment from both cosmids was identified. This DNA fragment was cloned into the high-copy-number vector pUI1087 (58) and sequenced in its entirety. Within the DNA sequences present on the 2.5-kb fragment, presented in Fig. 1 , the fnrL gene was identified based on the 77% identity of its predicted protein product to the predicted sequence of the fnrL gene product of R. sphaeroides (58) . Also present on the 2.5-kb DNA fragment are sequences which could encode a protein having 35% identity to the product of the pdhR gene of E. coli (21) . Finally, divergently arranged relative to the fnrL sequences are sequences which, based on the 60% identity over the 141 codons contained on the 2.5-kb DNA fragment, are predicted to encode a portion of the enzyme coproporphyrinogen III oxidase, a homolog of the product of the hemZ gene of R. sphaeroides (58) . Alignments of the predicted gene products are shown in Fig. 2 .
While the fnrL and hemZ genes in R. sphaeroides are found in an arrangement similar (58) to that of the R. capsulatus homologs, their adjacent genes appear to be different. In R. sphaeroides, genes encoding an ABC-type transport cassette and the cycY gene are located downstream of hemZ (58) , while the ccoNOQP and rdxBHIS operons are located downstream of fnrL (58) . Interestingly, an identical arrangement of genes is present in the nonphotosynthetic bacterium Paracoccus denitrificans (13) . However, while homologes of several of these genes have been identified in R. capsulatus (19, 24, 30, 50) , they appear to be distant from fnrL or hemZ (30) .
Within the DNA sequences upstream of fnrL and the divergently arranged hemZ genes of R. capsulatus are sequences resembling an FNR consensus sequence. As shown in Fig. 2 , an FNR consensus sequence is also present upstream of fnrL in R. sphaeroides 2.4.1 (58) . The position of the FNR consensus sequences relative to the translation initiation codons of fnrL and hemZ differ between R. sphaeroides and R. capsulatus, suggesting there may be differences between the two species with respect to the level of regulation of expression of the divergently arranged genes potentially mediated by FnrL. Other FNR consensus sequences identified among the Rhodobacter DNA sequences currently represented in the databases are listed in Table 3 , the minimal criterion being the presence of the sequence motif TTGXX-N 4 -XXCAA.
Growth characteristics of R. capsulatus mutant strains bearing an fnrL deletion. R. capsulatus FnrL Ϫ mutants RGK295 and RGK296 (Fig. 3) were constructed by homologous recombination and replacement with a Kn r cassette. In the related organism R. sphaeroides, disabling the fnrL gene leads to an inability to grow either photosynthetically or anaerobically in the dark, using DMSO as an alternate electron acceptor. The R. capsulatus FnrL mutants RGK295 and RGK296 were unable to grow under anaerobic conditions in the dark with DMSO or trimethylamine N-oxide (TMAO) as the terminal electron acceptor (Fig. 4) . However, R. capsulatus FnrL mutants grow under anaerobic photosynthetic conditions (Fig. 4) . Growth rates equivalent to that of the wild-type strain SB1003 were observed (results not shown).
Complementation analysis of R. capsulatus and R. sphaeroides FnrL null mutants. It is possible that differences in the FnrL proteins of the two species of Rhodobacter account for the differences in growth characteristics of the two mutant bacterial strains. To assess this possibility, we introduced in trans the heterologous genes into FnrL Ϫ mutant strains of each species and evaluated the growth characteristics of each exconjugant. As summarized in Table 2 , either gene regardless of source could complement either mutant bacterium for both photosynthetic (for R. sphaeroides) and anaerobic-dark growth. These results indicate that while the structures and functions of the FnrL proteins are probably similar, their targets in the two species are different.
Comparison of oxygen induction of spectral complex formation in wild-type and FnrL mutant strains of R. sphaeroides and R. capsulatus. The mutant phenotypes indicate that there are differences in the FnrL-targeted regulons of the two bacteria. One group of genes that clearly differs in this regard are those genes that encode components of the photosynthetic apparatus. An indication of this possibility is already suggested by the presence of FNR consensus sequences upstream of several genes in R. sphaeroides that appear to be absent from upstream sequences of the corresponding genes of R. capsulatus, including hemA, bchE, and the puc operon (Table 3 ; see also Discussion). Thus, to evaluate the role of FnrL in the regulation of genes required for photosynthesis in the two bacteria, we compared the induction of spectral complex formation by lowering oxygen tension in wild-type and FnrL mutant strains of both R. sphaeroides and R. capsulatus (Fig. 5) . While spectral complex formation under inducing conditions is nearly eliminated in the FnrL mutant strain of R. sphaeroides, there is no obvious difference in the levels of spectral complexes between the FnrL mutant and the wild-type strain of R. capsulatus. These results demonstrate a difference in the roles of FnrL in photosynthetic growth of R. capsulatus and of R. sphaeroides.
Induction of proteins associated with anaerobic DMSO reduction in wild-type and mutant strains of R. sphaeroides and R. capsulatus. It is possible that FnrL
Ϫ mutants fail to grow anaerobically in the dark with DMSO because of either the inability to express genes for the DMSO reductase enzyme or an impairment in the synthesis of essential cofactors, such as heme and the molybdopterin cofactor (Moco). To determine whether the fnrL mutation affects the level of DMSO reductase expression in R. capsulatus, the production of various c-type cytochromes was assayed from aerobic and oxygen-shifted cultures, in both the presence and the absence of DMSO. Heme stains of polypeptides separated by SDS-polyacrylamide gel electrophoresis are shown in Fig. 6 . In contrast to the wild-type strain, the FnrL mutant lacks a 44-kDa DMSO-inducible cytochrome c which is expressed only in the oxygen-shifted cultures ( Fig. 6; compare lanes 2 and 4) . Similar results with respect to the DMSO-inducible cytochrome c were observed for R. sphaeroides (36) . Also, in R. capsulatus the fnrL mutation does not affect the expression of other c-type cytochromes, including those present under aerobic conditions such as the cytochromes associated with the cbb 3 oxidase (lanes 5 and 6).
Recent evidence has shown that a 44-kDa c-type cytochrome is induced by DMSO in R. sphaeroides and is the product of the dorC gene in the DMSO reductase gene cluster (36) . If the 44-kDa cytochrome c from R. capsulatus is the product of the dorC gene, then expression of the other DMSO reductase (dor) genes may be similarly affected by the FnrL mutation. To explore this possibility, we performed immunoblot analysis, using an antibody against DMSO reductase from R. capsulatus (20) , of cell extracts of both wild-type and FnrL mutant strains of R. capsulatus and R. sphaeroides following an oxygen shift of the cultures in either the presence or the absence of DMSO. In the absence of DMSO, only low levels of DMSO reductase (DorA protein) were produced by wild-type R. capsulatus and R. sphaeroides (Fig. 7, lanes 2 and 6) . However, a large induction of DMSO reductase expression was observed from wildtype cells of both species induced in the presence of DMSO (lanes 3 and 7) . In contrast to the wild-type strains, only low levels of DMSO reductase expression were observed for the FnrL mutants of both R. capsulatus and R. sphaeroides, in both the presence and the absence of DMSO (lanes 4, 5, 8, and 9) . These results suggest that the FnrL proteins from R. capsulatus and R. sphaeroides play a key role in controlling, either directly or indirectly, the anaerobic expression of genes for DMSO reductase in these organisms.
DISCUSSION
Our initial interest in the identification of an fnrL homolog in R. capsulatus stemmed from a distinction with respect to the hemA genes of R. capsulatus (6, 23) and R. sphaeroides (38). Both genes code for ALA synthase, which catalyzes the synthesis of ALA, the first step in the biosynthesis of all tetrapyrroles in these organisms. The upstream sequence of the hemA gene of R. sphaeroides contains an FNR consensus sequence (38), which is lacking in the corresponding gene from R. capsulatus. The fnrL gene has been shown to be responsible for an increase in hemA expression in response to lowering oxygen tension in R. sphaeroides (58) , and so the question arose as to whether R. capsulatus did in fact have an fnrL homolog and, if so, whether it would have the same array of target genes in R. capsulatus as in R. sphaeroides.
It is likely that the fnrL gene identified in the present study is the R. capsulatus homolog of R. sphaeroides fnrL, based on the approximately 77% identity of the predicted amino acid sequences of the gene products. This conclusion is supported by the fact that the R. capsulatus fnrL gene provided in trans can restore both photosynthetic and anaerobic-dark growth with DMSO to an FnrL mutant of R. sphaeroides. Key features of the FNR family of proteins are present in the predicted protein sequence of FnrL of R. capsulatus. These include the amino-proximal cysteine motif, which is required for activity in E. coli Fnr, and the highly conserved helix-turn-helix motif, which is considered to be the DNA-binding domain of this family of proteins. Also conserved between FnrL of R. capsulatus and , 96% N 2 ) inducing conditions. For each strain, the spectrum generated by using aerobically grown cell extracts is indicated by a dashed line, while the spectrum generated by using semiaerobically grown cell extracts is indicated by a solid line. All of the samples analyzed were of equivalent protein concentrations. recently been demonstrated that the DorS protein, along with its cognate regulator, DorR, controls the DMSO-dependent expression of DorA in R. sphaeroides (36) . Thus, in contrast to the E. coli DMSO (11) and TMAO (40) reductases, the DMSO alternative electron transport system in Rhodobacter appears to involve an FNR/two-component cascade of activation factors. Similar regulatory circuitry may be operational in other anaerobic respiratory systems of Rhodobacter. A gene called nnrR (Nir/Nor regulator) has recently been identified in a denitrifying strain of R. sphaeroides; its target sequence has been proposed to be highly similar or identical to the FNR consensus sequence (52) . These sequences are listed in Table  3 . While the overall similarity between FnrL and NnrR is low, approximately 20% identity, 11 of 22 residues within the helixturn-helix motifs of the two proteins are identical, with eight identities clustered in the second helix. However, disruption of nnrR had no effect on photosynthetic growth (52) , indicating that nnrR is not involved in the regulation of photosystem genes in R. sphaeroides. With respect to nitric oxide metabolism in the denitrifying strain of R. sphaeroides, 2.4.3, which absolutely requires nnrR, the available evidence does not rule out the possibility that FnrL is required for anaerobic induction, while nnrR activates nir and nor genes in response to the presence of nitrite or nitrate under anaerobic conditions. The simplest explanation for the different photosynthetic growth properties of R. capsulatus and R. sphaeroides fnrL mutants might be reflected in the potential regulons noted in Table 3 . Genes encoding enzymes involved in bacteriochlorophyll biosynthesis (bchE) and light-harvesting proteins (pucBAC) have upstream FNR consensus sequences in R. sphaeroides but not in R. capsulatus. Thus, it appears that R. sphaeroides has recruited another oxygen sensor for life in the light anaerobically, while R. capsulatus has not. The significant differences in the physiology and molecular nature of FnrL control in R. capsulatus and R. sphaeroides must be the result of evolutionary constraints. We have noted that R. capsulatus shifts rapidly to photosynthetic metabolism at oxygen concentrations where R. sphaeroides continues aerobic growth, based on the relative abundance of spectral complexes (57) . The different terminal oxidases of these two organisms are likely to play a role in these changes. It is possible that in defining their own ecological niches, the various species have also differentially finetuned their regulatory responses for these environments. 
